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ABSTRACT
The catalytic performance of Pd-nanoparticle catalysts for the selective hydrogenation of alkynes 
at mild conditions (150 kPa and 303 K) was evaluated. A Lindlar commercial catalyst was also 
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tested for comparison. The effects of acidity, amount of active sites and dispersion on the 
catalytic activity and selectivity were studied. At mild conditions, Pd-nanoparticle catalysts were 
considerably more active and slightly more selective than the Lindlar catalyst. The best 
synthesized catalyst for the purification of 1-pentene was Pd/Al2O3–Mg (r0= 41.1 mol gPd-1min-1, 
94% selectivity).  The activity and selectivity of Pd/CaCO3 were similar to those of the Lindlar 
catalyst. The smallest particle sizes (3-4.5 nm) favored the dissociative adsorption of hydrogen 
over Pd° active sites and a good catalytic behavior. The weaker acid centers (Lewis) of 
Pd/Al2O3–Mg and Pd/CaCO3 favored higher selectivities to the desired alkene. Pd/Al2O3 was the 
most active catalyst but also the least selective. This was due to strong acid sites, remnant 
Bronsted acid sites, which provide extra hydrogen that favors the alkyne hydrogenation rate and 
also the undesired overhydrogenation of the alkene and/or the isomerization. 
1. Introduction
Olefins are very important products for the industries of fine chemicals, petrochemicals and 
polymers1, 2. Industrial synthesis of alkenes can be carried out by several synthesis routes. In 
general lower molecular weight alkenes can be obtained in the petrochemical industry while 
higher alkenes can be synthesized through derivatives of this industry and by other methods3.  
Some of these processes include thermal treatment, dehydrogenation, catalytic cracking and 
hydrogenation2, 4, 5. After these processes not only desirable products are obtained, undesired 
products may also be present as alkanes, alkynes or other unsaturated products6, 7. Selective 
hydrogenation is a key process for the elimination of impurities or the obtaining of products with 
high added value. All selective hydrogenations are of great interest considering economic and 
ecological aspects2, 8, 9. Selective hydrogenation of alkynes to alkenes represents one of the most 
important steps in fine chemicals manufacture10.  The highly selective hydrogenation of C≡C 
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triple bonds (alkynes) in presence of C=C double bonds (alkenes) is of great relevance in order to 
obtain streams enriched in olefins for different processes11-14. The selective hydrogenation of 
small alkynes and alkadienes (acetylene, propyne, butyne) for the purification of olefin streams 
has been studied extensively15-17. Hydrogenation of bigger compounds is of great importance but 
has been studied less18-21.
 Several authors have studied reactions of selective hydrogenation of medium to high 
molecular weight alkynes (C5 - C718, 19, 22-24, 3-methyl-1-pentyn-3-ol25, 2-methyl-3-butyn-2-ol20, 
26, phenyl acetylene27 and others28). Jackson et al.24, 29-31 studied the hydrogenation of 
alkynes/alkenes mixtures. They focused systematically on the selective hydrogenation of higher 
molecular weight alkynes, obtaining several important results about the reaction kinetics29-32. 
Murugesan et al.33 studied the elimination of phenylacetylene in the presence of styrene. Using 
Ni-fructose @ SiO2-800, 0.5 mmol of phenylacetylene (5%) were hydrogenated in the presence 
of 9.5 mmol of styrene (95%) at 353 K with 1 MPa H2 pressure. At these reaction conditions 
phenylacetylene was converted to 97% styrene and 3% ethylbenzene. 
Palladium is widely used in hydrogenation reactions due to its high hydrogenating capacity, 
being active and selective at low temperatures19, 34, 35. Overhydrogenation should however be 
avoided. Different factors can be manipulated to control Pd catalytic activity and selectivity: 
metal precursor salt, support, impregnation method, particle size and dispersion, and reaction 
conditions36, 37. The classical Lindlar catalyst, consisting of Pd(5%) supported on CaCO3 poisoned 
with a lead promoter (which greatly increases its selectivity), has been used since 195438, 39. 
Some disadvantages of this catalyst are:  i) it has a high cost due to its high metal load, ii) it 
cannot be pelletized thus preventing easy separation and reuse, iii) restricted use, especially for 
the manufacture of food, cosmetic and medicine, because of the leaching of extremely toxic lead 
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compounds. There is therefore a challenge for synthesizing new catalysts without these 
drawbacks and that can also improve the performance of Lindlar catalysts with comparable or 
higher selectivity to the desired product during hydrogenation processes of medium/large 
molecular weight alkynes. Several supported Pd catalysts have been prepared and evaluated for 
the selective hydrogenation of olefins, e.g. Pd(1%)/Hydrotalcite40, Pd4S/carbon nanofiber6 and 
different bimetallic catalysts, Pd(0.4%)-Ni(0.5-1%)35, 41, Pd(0.5%)-In(0.4%)42, Pd(1-5%)-Bi43.  The kind of 
support can improve or decrease the activity/selectivity of the catalysts.  Thus several supports 
have been tried to improve the catalytic properties of Pd: activated carbon19, 44, TiO237, Fe3O445, 
mesoporous zeolites46, etc. In addition transition metal complexes can be considered as new 
active species or an intermediate of the active site 46-48. 
The objectives of this work are: i) to synthesize different Pd-nanoparticle catalysts using a 
Pd(II) ammine complex as a precursor salt and supports of different acidity strength (-Al2O3, -
Al2O3 modified with Mg and CaCO3); ii) to evaluate the catalytic performances of the Pd-
nanoparticle catalysts for purifying 1-pentene (a medium chain olefin) and the selective 
hydrogenation of long/medium chain terminal alkyne (C7 and C5) at mild reaction conditions; iii) 
to study the effects of the acidity (amount and strength), the type of active sites and the metal 
dispersion, on the catalytic activity and selectivity; iv) to compare the performance of the 
synthesized catalysts with that of a commercial Lindlar catalyst.
2.  Experimental Section 
2.1. Catalyst Preparation
Two inorganic materials, CaCO3 (Anedra, purity 98.6%) and γ-Al2O3 (CK-300 powder, 35-
80 meshes, calcined 3 h at 823 K in air) were used as supports. CaCO3 was used without 
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previous treatment. A fraction of alumina was impregnated with an aqueous solution of 
MgSO4.7H2O (Anedra, purity 99.8 %, 0.322 g MgSO4.7H2O/galumina) in order to obtain 5 wt% 
Mg.  Then it was dried 24 h at 373 K and calcined for 3 h at 823 K, and was called Al2O3-Mg. 
The colorless complex of [Pd(NH3)4]Cl2 was prepared in a glass equipment under gentle 
stirring and reflux heating in a purified argon atmosphere. 0.5 g of PdCl2 (Aldrich, purity 99%) 
and a solution of 55 mL of commercial NH3 (Cicarelli, purity 30%) and 45 mL of NH3/NH4+ 
buffer solution at pH = 10.5 were placed in the equipment and kept at 278 K for 4 h. 
Pd/Al2O3, Pd/Al2O3–Mg and Pd/CaCO3 catalysts were obtained by incipient wetness 
impregnation. Three successive impregnations of the aqueous solution of [Pd(NH3)4]Cl2 were 
carried out on each support in order to obtain 0.4 wt% Pd with intermediate drying at room 
temperature. Then the synthetized monometallic catalysts were dried at 393 K for 24 h. The 
Al2O3 and Al2O3-Mg catalysts were calcined in air at 773 K for 3 h and the 
[Pd(NH3)4]Cl2/CaCO3 catalyst was calcined in a N2 stream at 673 K for 3 h in order to stabilize 
palladium nanoparticles and prevent the decomposition of CaCO3. Finally all catalysts were 
reduced 1 h with H2 (573 K, 50 mL min-1) in a tubular continuous flow quartz reactor.
2.2. Catalysts Characterization
A Micromeritics ASAP 2020 instrument was used to obtain the nitrogen adsorption-
desorption isotherms at 0.02-0.98 (P/Po) relative pressure.  The BET model was used to calculate 
the specific surface area (SBET) of the supports. Samples were first outgassed 2 h at 523 K in a 
vacuum and then N2 adsorption isotherms at 77 K were obtained.
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The mass content of Pd in the catalysts was determined by Atomic Emission Spectroscopy 
with Inductive Plasma (ICP-AES) with a Perkin Elmer OPTIMA 2120 equipment after digesting 
the samples in dilute sulfuric acid at 363 K. 
The acid strength and the amount of acid sites on the surface of the solids were measured by 
temperature programmed desorption using pyridine as a probe molecule (TPD-Py). 
Measurements were made in a tubular reactor coupled to a Shimadzu GC-8A gas chromatograph 
with a FID detector. Before the analysis 200 mg of the samples were ex situ reduced at 573 K for 
30 min. The solids were then calcined in N2 (723 K, 40 mL min-1) to desorb physisorbed 
compounds. The samples were then cooled down to room temperature and a nitrogen stream 
saturated with pyridine was allowed to flow over the sample for 30 min.  Weakly physisorbed 
pyridine was then removed by stripping with nitrogen (418 K, 1 h, 40 mL min-1). Then the 
temperature was increased from 418 up to 1000 K at a heating rate of 10 K min−1. The gases 
issued by the reactor were directly sent to the methanator and analyzed with a flame ionization 
detector (FID). The signal of the detector was continuously recorded along with the sample 
temperature. 
The electronic state of surface species was obtained by X-ray photoelectron spectroscopy 
(XPS). Ranges were chosen to inspect the Pd 3d5/2 and Ca 2p3/2 signals as well as the 2p signals 
of Mg, Cl and Al. The measurements were made in a VG-Microtech Multilab instrument 
equipped with a MgKα source (hʋ: 1253.6 eV) and an energy of 50 eV. The pressure during data 
acquisition was maintained at 5.10-7 Pa. The samples were previously reduced 1 h at 573 K in 
flowing hydrogen, following the same pretreatment conditions of the reaction tests. The areas of 
the peaks were estimated by calculating the integral of each peak after subtracting a Shirley 
background and fitting the experimental peak to a combination of Lorentzian/Gaussian lines of 
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30–70% proportions. The reference signals were the Al 2p at 74.7 eV and the Ca 2p3/2 at 346.6 
eV, corresponding to the Al2O3 and CaCO3 supports.  
The crystalline structure of the catalysts was defined in an X-ray Diffraction (XRD) 
Shimadzu XD-D1 equipment, with a CuKα (λ = 1.5405 Å) in the range 10 < 2θ < 85º at a 
scanning speed of 1º min-1. Samples powdered were reduced ex situ in H2 stream.
The metal particle size distribution was obtained by TEM using a JEOL 100 CX II electron 
microscope with an acceleration voltage of 100 kV and 270000x magnification. The samples 
were prepared by grinding the pellets, suspending the particles in ethanol and then sonicating for 
15 min. A drop of this suspension was placed on a 200 mesh copper grid with a Formvar film 
and observed. A set of digital images were taken in order to identify the phases and measure the 
particle diameters. Digital Micrograph software was used to obtain the particle size distributions.  
The reducibility of the surface species was evaluated by temperature programmed reduction 
(H2-TPR). The measurements were made in a Micromeritics Auto Chem II equipment equipped 
with a thermal conductivity detector. Before the analysis the samples were subjected to a 
pretreatment in Ar at 673 K for 30 min, and then they were cooled down to room temperature. 
The reduction procedure was carried out using a mixture of 5% H2 in Ar at a flowrate of 30 mL 
min-1 and heating ramp of 10 K min-1 from room temperature to 1273 K. 
2.3. Catalytic Tests
The catalysts were evaluated with the selective hydrogenation of 1-heptyne (Fluka, Cat. No. 
51950, >98%), 1-pentyne (Aldrich, Cat. No. 627-19-0, >99%) and a mixture of 30/70 % v/v 1-
pentyne:1-pentene (Aldrich, Cat. No. 109-67-1, >98.5%) at mild conditions, 150 kPa and 303 K. 
In each run 50 mL of 2 % v/v reactant diluted in toluene (Merck, Cat. No. TX0735-44, >99%) 
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were put in a stainless steel batch reactor coated with polytetrafluoroethylene (PTFE), with a 
reactant/Pd molar ratio of 1100. Stirring at 750 rpm was used in order to eliminate external 
diffusional limitations49. Reagents and products were analyzed by gas chromatography (GC) 
with a FID detector and an HP INNOWax capillary column of polyethyleneglycol (PEG).  The 
Lindlar commercial catalyst (Aldrich, Cat. No. 20,573-7) was used for comparative purposes 
without any pretreatment as suggested by other authors for the hydrogenation of alkynes 50.
3. Results and Discussion
3.1. Catalysts Characterization
The nitrogen sortometry results are shown in Table 1.  Surface area (SBET), Vp (average pore 
volume) and dp (average pore diameter) were calculated from N2 physisorption isotherms for the 
three supports used: Al2O3, Al2O3-Mg and CaCO3.  All supports had different surface areas.  
Al2O3 displayed the largest BET area, while CaCO3 had the lowest. The Al2O3 support modified 
with Mg (Al2O3-Mg) had a remarkable reduction of the surface area, attributed to the 
incorporation of magnesium on the surface of Al2O3. The textural properties varied in the same 
way, Al2O3 pore volume being much higher than the pore volume of Mg doped alumina.  These 
results are important because they can give an idea of the exposed surface area of the supports 
and their interaction with the precursor metal complex. On the other hand, the average pore 
diameter, dp, of CaCO3 was 10% higher than the dp of Al2O3.  The dp of Al2O3-Mg was 25% 
lower than the dp of Al2O3. The relative pore diameter loss of Al2O3-Mg must be due to the 
preferential deposition of magnesium particles in pore mouths.
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Al2O3 180 0.53 9.6
Al2O3-Mg 120 0.22 7.2
CaCO3 4 0.01 10.6
Results of temperature programmed desorption of pyridine of the supports (a) and the 
catalysts (b) are shown in Figure 1. The TPD traces had three desorption regions with different 
intensity. Region-I, located at low temperatures (400-600 K), Region-II at medium temperatures 
(600-760 K) and Region-III at high temperatures (760-1000 K). These regions correspond to 
sites of weak, moderate or strong acidity, respectively51-53.  According to different authors54, 55, 
the peaks of weak acidity can be attributed to Lewis acid sites, the peaks of moderate acidity to a 
combination of Lewis and Brönsted acid sites, while strong acid sites would be Brönsted sites. 
According to Figure 1.a the three supports had different types of acid sites. Al2O3 and Al2O3-Mg 
supports had two peaks of different intensities at high and low temperatures indicating the 
presence of both Lewis and Brönsted sites. In the case of CaCO3, a single peak is seen at low 
temperature, indicating the sole presence of weak Lewis sites.
Page 9 of 50
ACS Paragon Plus Environment






























































Figure 1.  TPD-Py results. a) Supports.  b) Catalysts.
Figure 1.b shows the TPD-Py traces of the Pd catalysts. It can be seen that the Pd/Al2O3 trace 
is very different from that of the Pd-free support, the area of Region-I increased markedly, a 
pronounced peak in the Region-II ca. 723 K appeared and the strong acidity peak of Region-III 
almost disappeared. Besides, the Pd/Al2O3-Mg TPD-Py trace was shifted to lower temperatures. 
Pd/CaCO3 and Lindlar traces are quite similar to that of the Pd-free support.
The pyridine TPD traces were integrated to give the total amount of weak (400- 600 K), mild 
(600–760 K) and strong acid sites (T > 760 K). These acidity values were included in Table 2. 
Regarding the acidity values of the -Al2O3 fresh support, this had three kinds of acid sites, 
mainly strong (Brönsted). Al2O3-Mg support had the highest acidity, mainly attributed to the 
increase of the weak and medium acidity of Al2O3 (Lewis), while the strong acidity (Brönsted) 
was drastically reduced. This can be explained in Scheme 1 by the addition of Mg sulfate that 
produced two effects:  (i) the transfer of a proton of the surface hydroxide groups (Brönsted acid 
sites) to the aqueous anion sulfate (Brönsted basic site); (ii) the bonding of aqueous Mg2+ (Lewis 
acid site) to the remnant surface oxidic site (Lewis basic site). 
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Scheme 1. Schematic drawing of simultaneous proton and ion-exchange on alumina Brönsted 
sites during MgSO4 impregnation
The CaCO3 support exhibited the lowest total acidity, only related to Ca2+ Lewis acid sites.  
This is related to the basic characteristics of this support, CO32- being a soft basic Lewis site.  
A marked increase in total acidity upon Pd addition is observed in Table 2. The observed 
order of total and weak acidity strength was: Pd/Al2O3-Mg >> Pd/Al2O3 >>> Lindlar > 
Pd/CaCO3. The order of medium acidity strength was Pd/Al2O3 > Pd/Al2O3-Mg >>> Lindlar > 
Pd/CaCO3. Total, medium and weak acidity of Lindlar and Pd/CaCO3 were the lowest.  This was 
mainly due to the basic character of the support. The TPD-Py profile of the Pd/Al2O3-Mg 
catalyst showed that the incorporation of Mg(II) and Pd(II) species over the alumina support, has 
the greatest effect on the quantity and quality of acidic properties, exhibiting greater weak acidity 
and higher total acidity, but a decrease of medium acidity in comparison to the Pd/Al2O3 catalyst. 
Feng et al56, 57 showed a similar behavior in their studies using the TPD-NH3 technique for a 
series of Pd-Mg based catalysts (Pd/MgAl-LDH/Al2O3, PdO/MgO-Al2O3, MgO modified 
Pd/Al2O3 and Im-PdO/MgO-Al2O3). The acidity increase was attributed to the presence of Pd 
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species, responsible for different types of Lewis acid sites and the loss of Brönsted sites of the 
catalysts. As shown in Scheme 2, during the synthesis of the catalysts, at pH  10.5, the Brönsted 
acid groups of the alumina or alumina modified supports would transfer the proton of the surface 
OH groups (Brönsted acid site) to the ammonia solvent (Brönsted basic site) and simultaneously 
the remnant oxidic site (Lewis basic Site) would bonds to Pd(II), a Lewis acid site, of the 
[Pd(NH3)4]2+ complex. Previously, Brunelle58 stated that at pH values below its IP (isoelectric 
point) an oxide particle adsorbs compensating anions like [PdCl4]2-, while at pH values above its 
IP, the surface acquires a net negative charge and adsorbs cations, like [Pd(NH3)4]2+.
Scheme 2. Schematic drawing of simultaneous proton and ion-exchange on alumina free or 
modified during the impregnation of [Pd(NH3)4]2+ in ammonia media.
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Table 2. TPD-Py results.
Results of characterization of the metal function by chemical analysis (ICP), XPS and TEM 
are shown in Table 3 for the Pd/Al2O3–Mg, Pd/CaCO3 and Lindlar catalysts. The Lindlar catalyst 
had a very high Pd content, similar to that of commercial catalysts. In the case of the Pd/Al2O3 
sample, the ICP analysis gave a Pd mass content very similar to the theoretical value.  Slightly 
lower contents were found for the Pd/Al2O3–Mg and Pd/CaCO3 catalysts.  The presence of Mg 











Al2O3 32.61 7.09 7.38 18.15
Al2O3-Mg 63.58 24.73 35.00 3.85
CaCO3 1.00 1.00 -- ---
Pd/Al2O3 56.76 18.72 37.82 0.22
Pd/Al2O3-Mg 72.92 53.31 19.32 0.29
Pd/CaCO3 4.27 0.88 3.39 ---
Lindlar 5.26 1.17 4.09 ---
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Table 3. Metal loading as determined by ICP.  Average particle size (dTEM) and dispersion (D) 


























Pd/CaCO3 0.22 4.4 25
335.0 
(100%)
-- -- 0.022 5.14






* Pd/S: atomic ratio Pd/Al for Pd/Al2O3 or Pd/Al2O3-Mg. Pd/Ca for Pd/CaCO3 and Lindlar.
Figure 2 shows the TEM images and particle size distribution of the catalysts. Table 3 gives 












Where ni is the number of particles with particle size di. 
Page 14 of 50
ACS Paragon Plus Environment






























































 Figure 2. TEM images and particle size distribution of the catalysts.
The average particle sizes were very similar for Pd/Al2O3–Mg and Pd/Al2O3, 3.0 and 2.9 nm, 
respectively.  This indicates that the incorporation of magnesium in the support does not 
significantly affect the particle size, mainly because of the low palladium loading.  For the 
Pd/CaCO3 catalyst the particle size is slightly higher: 4.4 nm. From these results, considering the 
spherical particle model adopted by Paryjczak and Szymura59 and using ρPd= 1.202 107 gPd m-3; 
σPd = 1.27 1019 atPd m-2, the metal dispersions D were calculated and presented in Table 3. In 
Pd/Al2O3–Mg and Pd/Al2O3 a very similar dispersion of metal active sites is observed on both 
supports (39%), while for the Pd/CaCO3 catalyst a lower dispersion of 25% is obtained. These 
results may be indicative of greater interaction of the precursor complex with the Al2O3 and 
Al2O3–Mg supports during wet impregnation due to its more acidic characteristics (Table 2) and 
similar specific surface area, as explained previously.  It is also possible that the small pore 
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volume of the CaCO3 support (see Table 1) favors a lower final dispersion because of palladium 
preferential deposition in pore mouths, thus blocking the pore structure. 
The commercial Lindlar catalyst has a quite high average particle size (46 nm) and a 
lower dispersion (2.5%) than the prepared catalysts (Table 3).  This can be attributed to a high 
amount of Pd having been deposited on a support of low area and acidity, thus promoting a 
greater agglomeration of the particles in the pore mouths. 
Figure 3 shows the TPR traces of the prepared catalysts. The reduction of species at 
temperatures below 250 K cannot be observed due to equipment limitations. The Pd/CaCO3, 
Pd/Al2O3 and Pd/Al2O3–Mg catalysts exhibited an initial reduction peak at 260, 285 and 299 K, 
respectively. This peak at low temperatures is assigned to the reduction of bulk PdO species to 
metallic palladium60; indicating that palladium is at least partly in the Pd° metal state after the 
reduction treatment before the catalytic tests. For these peaks, a shift to higher temperatures is 
observed in this order: Pd/CaCO3 < Pd/Al2O3 < Pd/Al2O3–Mg which could indicate higher 
interaction forces between the metallic species with the support, consistent with the amount of 
weak acidity (related to Lewis sites). Figure 3 also shows that during TPR analysis, Pd/CaCO3, 
Pd/Al2O3 and Pd/Al2O3-Mg had a negative peak at 266, 325 and 340 K, respectively60, due to the 
release of hydrogen from the decomposition of the -phase of Pd hydrides (-HPd) formed 
during the reduction of PdO at low temperatures60. These species interact weakly with the 
support and therefore Pd can be easily reduced. 
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Figure 3. H2-TPR traces of Pd/Al2O3, Pd/Al2O3–Mg and Pd/CaCO3. 
In Figure 3, medium intensity peaks at 385 and 451 K, and a very weak peak around 543 K 
are also observed on Pd/CaCO3 and Pd/Al2O3 samples, respectively. Some authors suggest that 
the hydrogen consumption at these temperatures is due to the reduction of PdxOyClz 
oxychlorinated species or the reduction of Pd2+ ions stabilized by adjacent Cl- remaining after the 
calcination process61. For Pd/Al2O3-Mg two extremely large peaks are observed in Figure 3 at 
temperatures higher than 700 K.  They are both attributed to the reduction of the remaining 
sulfate magnesium precursor (SO42-) that generates residual H2S or SO3 62. Additionally, in the 
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Pd/CaCO3 sample, a wide peak between 633 and 800 K is seen that can be attributed to the 
decomposition of CaCO363, 64. 
Figure 4 shows the XPS spectra of the Pd 3d region of Pd/Al2O3, Pd/Al2O3-Mg and 
Pd/CaCO3 pretreated in hydrogen at 573 K, showing the Pd 3d5/2 and 3d3/2 signals separated by 
approximately 5 eV, in accordance with literature values65. The points are the experimental data 
and the curves beneath are the corresponding deconvoluted peaks. Figure 4 also shows the XPS 
spectrum of the Mg 2p region of Pd/Al2O3-Mg. The Pd 3d and Pb 4f  signals of the classical 
Lindlar catalyst 34 are also presented for comparative purposes. The deconvolution of the Pd 3d5/2 
spectrum resulted in two peaks for the Pd/Al2O3 and Lindlar samples, indicating the presence of 
two different species of Pd on the catalysts. Pd/Al2O3-Mg and Pd/CaCO3 spectra had one peak in 
the Pd 3d5/2 region, confirming the presence of single Pd species. These results are detailed in 
Table 3. The Pd/Al2O3 catalyst presents two BE peaks for Pd 3d5/2 at 334.7 (62 % at/at) and 336.3 
eV (38% at/at), which are assigned to Pd° and Pdn+ (with n close to 2) electrodeficient 
oxychlorinated species formed during the calcination pretreatment 61. The deconvolution of the 
Pd 3d5/2 signal for the Lindlar catalyst indicates two peaks at 335.2 eV (69 % at/at) and 336.9 eV 
(31 % at/at), assigned to Pd+ (with  close to 0) and electrodeficient Pdn+ species (with n close to 
2)34, 66. The deconvolution of the Pb 4f7/2 spectrum for the Lindlar catalyst shows two peaks at 
136.8 eV (20% at/at) and 138.6 (80% at/at), attributed to Pb° and Pb(OAc)2, respectively34, 66. In 
the case of the Pd/Al2O3–Mg and Pd/CaCO3 catalysts the palladium signal is observed at a BE of 
334.9 and 335.0 eV (100 % at/at), respectively, indicating the presence of the totally reduced Pd° 
at surface level, according to the literature 66. In the Pd/Al2O3–Mg catalyst the BE of the Mg 2p 
signal was located at 51.6 eV and was attributed to MgO surface species66 seemingly confirmed 
by the ICP analysis. Deconvolution of the XPS spectra of the Pd prepared catalysts also showed 
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a peak at ca. 198.5 eV that corresponds to Cl 2p3/2. This was associated to surface chloride 
species66 not complete eliminated after reduction. 
Figure 4. XPS spectra of the Pd 3d region of all catalysts. Mg 2p of Pd/Al2O3-Mg. Pb 4f of 
the Lindlar34 catalyst.
Values of the superficial Pd/S (Pd/Al for Pd/Al2O3 and Pd/Al2O3-Mg; Pd/Ca for Pd/CaCO3 
and Lindlar) and Cl/Pd (% at/at) atomic ratios are also shown in Table 3. With respect to the Pd/S 
atomic ratios as determined by XPS it is evident that the Pd/Al ratio is ca. 4 times higher for 
Pd/Al2O3–Mg in comparison to Pd/Al2O3 (0.0063 and 0.0016, respectively).  For the Pd/CaCO3 
and Lindlar catalyst the Pd/Ca atomic ratio was the highest (0.022 and 0.243). This could be 
related to the differences in BET area and the very low pore volume (Vp) that favor a high 
content of surface palladium. Cl/Pd atomic ratios decrease in the following order: Pd/CaCO3>> 
Pd/Al2O3 > Pd/Al2O3–Mg. The residual chlorine content in the catalysts after reduction could be 
explained by the different superficial adsorption capacities of each support. The presence of Clˉ 
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may also have some influence on the metallic dispersion, as well as on the performance of the 
catalysts. 
According to XPS and TPR, the reduction pretreatment (1 h, 573 K, hydrogen) would 
produce different surface species on each catalyst.  Pd° on Pd/CaCO3 and Pd/Al2O3–Mg.  Pd° 
and Pdn+ on Pd/Al2O3.  Pdδ+ and Pdn+ on the Lindlar catalyst.
Figure 5 shows the XRD diffractograms of the catalysts and their corresponding database 
references (Pd, CaCO3 and Al2O3). For the Pd/Al2O3–Mg and Pd/Al2O3 samples the presence of 
γ-alumina characteristic peaks at maximum intensity 2θ=37.7°, 45.9° and 66.9° is seen. 
Pd/CaCO3 presents the characteristic peaks of the calcium carbonate, the main one being located 
at 2θ=29.4°. Due to the low concentration of Pd in all the samples (< 0.4 wt%), well below the 
detection limit of the XRD technique (> 5 wt%), the characteristic peaks of Pd(111) at 2θ= 40.1°, 
46.7° and 68.2° were overlapped with the peaks of the supports and the presence of Pd 
crystallites was undetectable. On the Pd/Al2O3–Mg sample, the presence of MgSO4 precursor 
residues was not detected because the characteristic peaks at 2θ =24° and 27° were absent.  For 
the Lindlar catalyst the characteristic peak of Pd(111) is observed at 2θ= 40.1°.  In spite of the 
very high Pd load (5 wt%) the pattern is dominated by strong and narrow reflexes of the CaCO3 
support. This is consistent with data previously reported by Tripathi et al67.
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Figure 5. X-ray diffractograms of the catalysts.
3.2. Catalytic Test 
The previous characterization analysis will allow us to correlate the properties of the 
synthesized catalysts with the activity and selectivity during the purification of a medium-chain 
olefin and during the hydrogenation of pure alkynes under mild operating conditions. The 
obtained results are compared with the Lindlar commercial catalyst at identical working 
conditions.
3.2.1. Hydrogenation of Pure 1-Heptyne and 1-Pentyne
Figure 6.a shows the results of total conversion of 1-heptyne (X) as a function of time and 
Figure 6.b shows the selectivity to 1-heptene (S) as a function of total conversion.  It can be seen 
that all the catalysts are active and selective at mild operational conditions, 150 kPa and 303 K. 
Pd/Al2O3 has a very high 1-heptyne total conversion, while Pd/Al2O3–Mg, Pd/CaCO3 and 
Lindlar present very similar total conversion values, being slightly higher for Pd/Al2O3–Mg. All 
catalysts had high selectivity to 1-heptene (> 80%), comparable to that of the Lindlar commercial 
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one. Initially and up to X=30% the selectivity of Pd/Al2O3 was the highest (≥ 95%).  Between 
X=30 - 80% the selectivity begins to decrease, reaching 70% for X=99.9%. For X higher than 
20% the selectivity of the Lindlar catalyst (S=82%) was lower than the selectivity of Pd/Al2O3–
Mg (S=90%) and Pd/CaCO3.  This was particularly the case at X values higher than 90%. These 
results show a better performance of all the synthesized catalysts in comparison to the Lindlar 
commercial one, or to other catalysts previously reported 19 for the selective hydrogenation of 1-
heptyne. Lederhos et al.19 evaluated Pd, Pt and Ru catalysts supported on an activated carbon 
(RX3, Norit) during the selective hydrogenation of 1-heptyne at the same conditions of this 
work: 303 K and 150 kPa.  Pd catalysts prepared with different precursor salts, PdCl2 or 
Pd(NO3)2, were the most active and selective, reaching a total conversion of 1-heptyne at 120-
180 min with 85-90% selectivity. In the case of the PdClRX catalyst the authors observed that 
from a total conversion of ca. 80% the selectivity to 1-heptene decreased sharply while PdNRX 
had a constant selectivity of 87%. The differences in activity and selectivity between PdClRX 
and PdNRX were attributed to several factors: a better accessibility of the alkyne to the active 
sites, thermodynamic factors, and electronic or steric effects of the surface groups on the 
activated carbon support19.
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Figure 6.  (a) Total Conversion of 1-Heptyne (%) vs. Time (min) and 
(b) Selectivity to 1-Heptene (%) vs. Total Conversion (%) for Pd/Al2O3 (), Pd/Al2O3–Mg (), 
Pd/CaCO3 () and Lindlar (○).
Figure 7.a shows results of total conversion as a function of time and Figure 7.b values of 
selectivity to 1-pentene as a function of total conversion during the hydrogenation of 1-pentyne. 
The following order of 1-pentyne total conversion can be found in Figure 7.a: Pd/Al2O3 >> 
Pd/Al2O3–Mg > Lindlar >> Pd/CaCO3. A comparison of Figures 6.a and 7.a shows that in all 
cases the hydrogenation reaction rates of 1-pentyne are greater than those of 1-heptyne. 
Regarding the selectivity to 1-pentene in Figure 7.b, all synthesized catalysts have very high 
selectivity to 1-pentene, ca. 90%, very similar to that obtained using the Lindlar commercial 
catalyst. 
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Figure 7. (a) Total Conversion of 1-Pentyne (%) vs. Time (min) and 
(b) Selectivity to 1-Pentene (%) vs. Total Conversion (%) for Pd/Al2O3 (), Pd/Al2O3–Mg (), 
Pd/CaCO3 () and Lindlar (○).
Table 4 contains values of selectivity at the end of the run at isoconversion conditions 
(X99.9 %) and values of the initial reaction rate (mass based r0 and TOF) for all catalysts 
compared and for the different feeds used.  TOF values were calculated using initial reaction 
rates of alkyne calculated from the data plotted in Figures 6.a and 7.a and dispersion values 






















r0 is the initial reaction rate of the alkyne [mol gPd−1 min−1]. (∂X/∂t)t=0 is the tangent value of 
the plot of alkyne total conversion versus time at t = 0a.  C0 is the initial concentration of alkyne 
[mol L−1], WPd the mass of palladium [gPd], V the reaction volume [L] and t the reaction time 
[min].
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Pd/Al2O3 1-Heptyne 20 99.9 70 76.20 2.03
Pd/Al2O3-Mg 1-Heptyne 75 99.9 90 33.18 0.90
Pd/CaCO3 1-Heptyne 80 99.9 87 32.41 1.33
Lindlar 1-Heptyne 80 99.9 82 28.61 12.18
Pd/Al2O3 1-Pentyne 10 99.9 86 155.65 4.14
Pd/Al2O3-Mg 1-Pentyne 20 99.9 90 53.17 1.45
Pd/CaCO3 1-Pentyne 40 99.9 90 37.11 1.52
Lindlar 1-Pentyne 25 99.9 89 35.97 15.31
Pd/Al2O3 1-Pentyne/1-Pentene 18 99.9 91 186.64 4.97
Pd/Al2O3-Mg 1-Pentyne/1-Pentene 50 99.9 93 41.11 1.12
Pd/CaCO3 1-Pentyne/1-Pentene 140 93.0 89 32.31 1.32
Lindlar 1-Pentyne/1-Pentene 30 99.9 88 38.72 16.48
       *Selectivity to the corresponding alkene product.  
For the hydrogenation of the pure alkynes, the following initial reaction rate order is found: 
Pd/Al2O3 >> Pd/Al2O3–Mg ≥ Pd/CaCO3 > Lindlar.  Besides its high activity it is important to 
note that Pd/Al2O3 has the lowest selectivity to 1-heptene and 1-pentene, while the other 
catalysts have high selectivity to the desired alkene product, quite similar to that obtained with 
the Lindlar commercial catalyst. Therefore on the basis of activity and selectivity all the prepared 
catalysts were comparable or better than the Lindlar catalyst for hydrogenation of alkynes. The 
activity and selectivity results suggest a better synergism between the Pd nanoparticles and the 
supports, probably because of an easier dissociation of hydrogen over the metal center, as 
reported by Jackson et al.32 In these reaction the initial reaction rate is supposed to be related to 
the dissociative adsorption of hydrogen40.  It is well known that during hydrogenations metallic 
centers rich in electrons can cleave the H-H bond by means of the interaction of a filled d metal 
orbital with the empty  antibonding molecular orbital of H2 68. This scission is favored on Pd° 
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sites with a d10 configuration. The adsorption of H2 would also be favored over small particles. 
As observed in Table 3 the Pd/Al2O3, Pd/Al2O3-Mg and Pd/CaCO3 catalysts show a high amount 
of Pd° active species and small particle sizes. The dissociative adsorption of hydrogen and the 
whole catalytic cycle would then be enhanced69, 70.
The high activity of the Pd/Al2O3 catalyst can be explained by three main factors: a) 
electronic effects of Pd° species (with 3d BE of 334.7 eV, as found by XPS) that can improve the 
dissociative cleavage of H-H due to a high d10 electron availability; b) Pdn+ electrodeficient 
species (acid Lewis sites) favoring the adsorption of the terminal alkyne via the alkyne triple 
bonds (basic Lewis sites); and c) remaining Brönsted acid sites of alumina providing additional 
protonic hydrogen. These factors would enhance the hydrogenation rate. Factors b) and c) would 
also favor overhydrogenation and isomerization undesirable reactions, thus decreasing the 
selectivity of the Pd/Al2O3 catalyst. 
The Pd/Al2O3-Mg is also more active than the Lindlar catalyst.  Again the presence of a high 
concentration of Pd° nanoparticles and Lewis acid sites (MgO-Al2O3 surface species) for 
adsorption of the alkyne, would explain this activity (electronic effect). The high selectivity 
could be related to geometrical or steric effects of cationic magnesium surface species inhibiting 
isomerization reactions. In turn the high selectivity of Pd/CaCO3 could be assigned to the 
carbonate groups (soft Lewis base) preventing undesirable isomerization reactions (electronic 
effects). Finally the high selectivity of the Lindlar catalysts is attributed to the presence of 
surface lead species, which prevent isomerization reactions due to electronic effects.
It is important to note that the rate of hydrogenation of 1-pentyne is higher than that of 1-
heptyne because the 1-pentyne molecule is smaller.  It is less inhibited by surface groups by 
geometrical effects both for adsorption and hydrogenation of the triple bond. The larger terminal 
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alkyne can also be adsorbed either in a perpendicular or parallel way and this can hinder the 
interaction with the catalyst active centers71, 72.
3.2.2. Purification of 1-pentene 
As mentioned in the Introduction the selective hydrogenation of the triple bond (C≡C) of 
alkynes in the presence of a high concentration of alkenes (double bonds) is of great importance, 
and especially for the purification of C5 olefinic streams, e.g. for production of polymers.  In 
order to assess the performance in this situation, the prepared catalysts were evaluated in the 
reaction of purification of 1-pentene (1-pentyne/1-pentene feedstock, 30:70 % v/v) at mild 
reaction conditions (150 kPa and 303 K). The 1-alkyne total conversion and selectivity to 1-
alkene of each catalyst were compared against those of the Lindlar commercial catalyst. 
Figure 8 shows the 1-pentyne total conversion vs. time and selectivity to 1-pentene as a 
function of total conversion. Figure 9 shows the concentration of reactants and product as a 
function of time. As shown in both Figures all catalysts were active and selective for the 
purification of 1-pentene. Table 4 shows values of the 1-pentyne initial reaction rate (r0, 
calculated using Eq. (II)) and the turnover frequency (TOF). The most active catalyst was 
Pd/Al2O3, followed by Pd/Al2O3-Mg and the Lindlar catalyst.  The Pd/CaCO3 catalyst was the 
least active. As shown in Figure 8 all the prepared catalysts had good selectivity to the desired 
product, 1-pentene, ca. 88-98%. Besides, the Pd/Al2O3 catalyst was the only one producing 
isomers. During the purification of alkenes, the alkyne efficiently blocks alkene re-adsorption, 
but some catalytic properties e.g.: acidity or particle sizes can have an influence on isomerization 
or overhydrogenation undesired, which are generated especially when a 30-10% of residual 
alkyne remains in the reactor. Small particle sizes of Pd° active sites and the presence of acid 
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Lewis sites (electronic effects) seem responsible for the high reaction rate of Pd/Al2O3 and 
Pd/Al2O3-Mg. The Brönsted acid sites of the catalyst (electronic effect) would directly promote 
the isomerization reactions on Pd/Al2O3. On the other hand weaker acid sites (electronic effect) 
favoring 1-pentene desorption would be responsible for the highest selectivity of Pd/Al2O3–Mg.  
High dispersion was favored by the use of an ionic complex [Pd(NH3)4]2+ at pH=10 for the 
impregnation.  This allowed the stabilization of Pd particles over the Brönsted acid sites of the 
support and prevented their agglomeration. Quesada et al.73 have demonstrated to a large extent 
the importance of using metallic complexes during the synthesis of catalysts for hydrogenation. 
In our case, the low load of the prepared Pd catalysts (0.4 wt %)  as compared to the high load of 
the Lindlar catalyst (5 wt %) suggests the presence of a metal monolayer distribution in the 
prepared catalysts and a less efficient "stack" distribution in the case of the Lindlar catalyst.  
Electronic effects by surface Pb species would also modify the Pd active sites (Pdδ+ and Pdn+).
Figure 8. (a) Total Conversion of 1-Pentyne (%) vs. Time (min), and (b) Selectivity to 1-Pentene 
(%) vs. Total Conversion (%) during the hydrogenation of the 1-Pentyne/1-Pentene mixture 
(30:70 %v/v), for Pd/Al2O3 (), Pd/Al2O3–Mg (), Pd/CaCO3 () and Lindlar (○).
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The XPS and TPR results helped understanding the properties and electronic effects in the 
prepared catalysts. The adsorption or interaction of unsaturated olefins can be rationalized by the 
effects of donation and acceptance of electrons involved in the bonds72. Metals such as Pd that 
have high H2 chemisorption capacity are very much affected by the electronic effects of the 
supports72. XPS and TPR revealed that after the reduction of the catalysts with H2 (1 h at 573 K) 
Pd° species were present on the surface. Pd° nanoparticles would favor the dissociative 
adsorption of hydrogen during the catalytic tests. The TPD-Py analysis also highlighted the 
differences of acidity of supports and catalysts (Table 2), the type of surface acidity having a 
great influence on the catalytic properties. The Pd/Al2O3 catalyst, with the highest distribution of 
medium acidity strength, had the highest 1-pentyne initial reaction rate, but it was the least 
selective, forming too much of branched alkenes. As previously stated the remaining Brönsted 
acid sites on alumina provide additional protonic hydrogen that increases the hydrogenation rate 
of 1-pentyne. These Brönsted acid sites are also responsible for the isomerization and 
overhydrogenation of 1-pentene. On the other side, Pd/Al2O3-Mg was the catalyst with the 
highest weak acidity, a high activity and the highest alkene selectivity. Totally reduced Pd° 
nanoparticles that favor H2 dissociative chemisorption, and superficial cationic magnesium oxide 
species that favor alkyne chemisorption, would both be responsible for the high activity of the 
Pd/Al2O3-Mg catalyst.  Its high selectivity can be explained by geometrical/steric effects of 
MgO-Al2O3 surface species that would prevent isomerization.
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Figure 9. Concentration of reactants and products (mol L-1) as a function of time (min).  
Hydrogenation of a 1-Pentyne/1-Pentene mixture (30:70 v/v).
Pd/CaCO3 catalyst was an active and selective catalyst with significant results in the selective 
hydrogenation of alkynes; its activity and selectivity is comparable to that of Lindlar commercial 
catalyst. However its initial reaction rate was the lowest if compared to the Pd/Al2O3 or 
Pd/Al2O3-Mg catalysts. The lower activity can be partly attributed to its low acidity, with weak 
and medium acid sites being more abundant. This acid distribution could however be beneficial 
to the selectivity. Furthermore it should be noted that the presence of a big amount of Cl- on the 
surface can induce electronic effects. Jackson et al 32 have indicated that residual chloride 
weakens the bond of surface terminal alkynes and decreases its reactivity. Badano et al. 61 have 
reported that the presence of Cl- greatly improves the selectivity and resistance to sulfur 
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poisoning. Therefore the low initial reaction rate of Pd/CaCO3 could be explained by two factors.  
First, by the low adsorption capacity of the carbonate support due to the weak electronic 
interaction between the surface calcium cationic species (hard Lewis acid) and the  electron of 
alkyne (soft Lewis base).  Second, by the high surface concentration of electronegative chloride 
species that inhibits the adsorption of the alkyne (electronic effects). The high selectivity of 
Pd/CaCO3 can be attributed to the presence of carbonate groups (soft Lewis base) that prevent 
the undesirable isomerization (electronic effect). 
Taking into account the above results, on the basis of its high activity and selectivity (>90 
%), the best catalyst for the purification of alkenes and/or the hydrogenation of pure terminal 
alkynes is the low loaded Pd/Al2O3-Mg.  Pd/CaCO3 is also a promising catalyst and could be the 
second choice, because it has a high selectivity (>89%), similar to that of the Lindlar catalyst 
(>88%).
4. Conclusions
Low-loaded Pd/Al2O3, Pd/Al2O3–Mg and Pd/CaCO3 catalysts were prepared using chloride 
of tetraamminepalladium(II) as precursor solution. Highly dispersed Pd nanoparticles were 
obtained with an average particle size ca. 3-4.5 nm. These catalysts were evaluated with the 
purification of a C5 olefin and with the selective hydrogenation of different medium chain 
terminal pure alkynes (C7 and C5). Lindlar commercial catalyst was used as reference. 
The synthetized catalysts were characterized by ICP-AES, N2 adsorption/desorption 
isotherm, TPD-Py, XRD, H2-TPR, TEM and XPS.
TPD-Py results revealed different acidity distributions and suggested the adsorption of 
[Pd(NH3)4]2+ over the Brönsted acid sites of alumina (Mg-free or Mg-doped) and over 
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superficial carbonate anions (Lewis base). The order of total acidity and weak acidity was the 
same: Pd/Al2O3-Mg >> Pd/Al2O3 >>> Lindlar > Pd/CaCO3.  Pd/Al2O3 had more mild acid sites. 
XPS analysis revealed that all the prepared catalysts had a high concentration of Pd° 
nanoparticles.
The results of purification of 1-pentene and hydrogenation of 1-heptyne or 1-pentyne, at mild 
reaction conditions, showed that all the prepared catalysts were very active and highly selective 
to the 1–alkene product.  Selectivity values were indeed higher than those of the Lindlar 
commercial catalyst.  
Pd/Al2O3 was the most active but the least selective catalyst.  This was attributed to Brönsted 
acid sites of medium strength providing additional protonic hydrogen, positively increasing the 
hydrogenation rate of 1-alkyne but negatively promoting the isomerization and over-
hydrogenation of the terminal alkene. Pd/Al2O3-Mg, showed a high activity and the highest 
selectivity to the corresponding alkene.  This was attributed to the presence of Pd° nanoparticles 
promoting the dissociative adsorption of hydrogen and surface MgO-Al2O3 species promoting 
the adsorption of the alkyne (electronic effects) and preventing isomerization (geometrical/steric 
effects).  
Low-loaded Pd/Al2O3–Mg and Pd/CaCO3 catalysts can be used for the purification of 
medium or large terminal alkenes at mild reaction conditions as an alternative to the high loaded 
Lindlar commercial catalyst.
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Figure 1.  TPD-Py results. a) Supports.  b) Catalysts.
Figure 2. TEM images and particle size distribution of the catalysts.
Figure 3. H2-TPR traces of Pd/Al2O3, Pd/Al2O3–Mg and Pd/CaCO3. 
Figure 4. XPS spectra of the Pd 3d region of all catalysts. Mg 2p of Pd/Al2O3-Mg. Pb 4f of the 
Lindlar34 catalyst.
Figure 5. X-ray diffractograms of the catalysts.
Figure 6.  (a) Total Conversion of 1-Heptyne (%) vs. Time (min) and (b) Selectivity to 1-
Heptene (%) vs. Total Conversion (%) for Pd/Al2O3 (), Pd/Al2O3–Mg (), Pd/CaCO3 () and 
Lindlar (○).
Figure 7. (a) Total Conversion of 1-Pentyne (%) vs. Time (min) and (b) Selectivity to 1-Pentene 
(%) vs. Total Conversion (%) for Pd/Al2O3 (), Pd/Al2O3–Mg (), Pd/CaCO3 () and Lindlar 
(○).
Figure 8. (a) Total Conversion of 1-Pentyne (%) vs. Time (min), and (b) Selectivity to 1-Pentene 
(%) vs. Total Conversion (%) during the hydrogenation of the 1-Pentyne/1-Pentene mixture 
(30:70 %v/v), for Pd/Al2O3 (), Pd/Al2O3–Mg (), Pd/CaCO3 () and Lindlar (○).
Figure 9. Concentration of reactants and products (mol L-1) as a function of time (min).  
Hydrogenation of a 1-Pentyne/1-Pentene mixture (30:70 v/v).
Scheme 1. Schematic drawing of simultaneous proton and ion-exchange on alumina Brönsted 
sites during MgSO4 impregnation.
Scheme 2. Schematic drawing of simultaneous proton and ion-exchange on alumina free or 
modified during the impregnation of [Pd(NH3)4]2+ in ammonia media.
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Table 1. Results of N2 physisorption isotherms of supports
Table 2. TPD-Py results.
Table 3. Metal loading as determined by ICP.  Average particle size (dTEM) and dispersion (D) 
from TEM microscopy.  XPS results.
Table 4. Comparison of catalytic results.
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